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INTRODUCTION
The Federal Aviation Administration (FAA) owns and (or) operates airway support and navigational facilities throughout Alaska. At many of these sites, fuels and potentially hazardous materials such as solvents, polychlorinated biphenyls, and pesticides may have been used and (or) disposed of. To determine if environmentally hazardous materials have been spilled or disposed of at the sites, the FAA is conducting environmental studies mandated under the Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA or "Superfund Act") and the Resource Conservation and Recovery Act (RCRA). To complete these more comprehensive environmental studies, the FAA requires information on the hydrology and geology of areas surrounding the sites. This report, the product of compilation, review, and summary of existing hydrologic and geologic data by the U.S. Geological Survey, in cooperation with the FAA, provides such information for the FAA facility and nearby areas at Bethel, Alaska. Also presented iri this report is a description of the history, socioeconomics, and physical setting of the Bethel area.
BACKGROUND Location
Bethel is in southwestern Alaska ( fig. 1 ) at lat 60°48" N. and long 161°45" W., on the banks of the Kuskokwim River approximately 645 km west of Anchorage. The city is in the southeastern part of the Yukon-Kuskokwim Coastal Lowland, a large delta formed by the Yukon and Kuskokwim Rivers. The FAA facilities in Bethel are concentrated at the municipal airport about 3.5 km west of the city. A detailed list of these facilities can be found in a report by Ecology and Environment, Inc. (1992) . 
History and Scioeconomics
At the time of first western contact, the Bethel area was occupied by the Yupik Eskimos who utilized the Kuskokwim River and its tributaries for subsistence fishing. A Moravian mission was established in 1885 and Bethel has since evolved into a transportation and commercial center for the lower Yukon and Kuskokwim Rivers area, as well as for most of southwestern Alaska. Bethel residents maintain some traditional Yupik life-styles: 70 percent of the population engages in subsistence food gathering and 40 percent speaks or understands Yupik (Darbyshire and Associates, 1979) . Principal subsistence foods gathered in the area are fish, berries, and game birds.
The population of Bethel has increased by more than 4,000 people during the last 40 years. In 1950, the population was 650; in 1979 the population was about 3,900; and in 1990 it was 4,674 (Darbyshire and Associates, 1979 ; U.S. Bureau of Census, 1991) . According to the 1990 census, 2,986 people are American Indian, Eskimo, or Aleut; 1,551 people are Caucasian, and the rest are of Asian, Pacific Islander, Black, or Hispanic origin. According to Harry Parsi (Bethel Public Works, written commun., 1994 ) the population of Bethel in June 1994 was 5,023 people.
Bethel is located approximately 100 km upstream from the Bering Sea and has become a transportation center for the region. Barges, mostly from Seattle and the Anchorage area, deliver food, fuel, construction supplies, and miscellaneous goods to the city port where they are distributed throughout the region by boat and plane.
In an area with few roads, the Kuskokwim River acts as a river highway system connecting Bethel with 48 other villages (U.S. Army Corps of Engineers, 1982) . During the summer months, the river is used by boats and during the winter months, it becomes a frozen highway for dog-sleds, snowmobiles, and automobiles. The Bethel airport ranks third in Alaska for total flights and plays a key role in public transportation for the entire southwest region of Alaska (Darbyshire and Associates, 1979) .
During and immediately following World War II, the Civil Aeronautics Administration (predecessor to the FAA) operated the Bethel Airport. At that time, the airport was on the east side of the Kuskokwim River. Frequent flooding caused the airport to be relocated in the early 1960's to the west side of the Kuskokwim River, about 3.5 km west of the city ( fig. 1 ). The airport is currently operated and maintained by the Alaska Department of Transportation and Public Facilities. A detailed account of FAA owned, leased, or transferred properties in or near Bethel and a listing of suspected sources of contamination near these facilities can be found in an environmental compliance investigation report by Ecology and Environment, Inc. (1992) .
PHYSICAL SETTING

Climate
Bethel lies in the transitional climate zone, where maritime conditions prevail during the summer and continental conditions dominate during the winter (Hartman and Johnson, 1984) . Little precipitation and low humidity are typical in the long cold winter, while cloudy humid conditions characterize the short summer. The mean annual temperature is -1.6 °C, but temperatures range from a July mean maximum of 19.2 °C to a February mean minimum of about -18.4 °C (Leslie, 1989 
Vegetation
Vegetation on the wet tundra near Bethel consists of sedges, sphagnum moss, Labrador tea, dwarf birch, and other low-growing tundra shrubs (Hinton and Girdner, 1966: Viereck and Little, 1972) . Shrub thickets consisting of dense growths of alder, willows, and resin birch are found in some areas near Bethel, primarily along the Kuskokwim River. South of Bethel, where the land slopes toward the Kuskokwim River, the vegetation is moist tundra which consists of sedges, scattered willows, and dwarf birches (Viereck and Little, 1972) .
Bedrock Geology
The geology of the Bethel area has been described by Spurr (1900) , Maddren (1915) , Mertie (1938 Mertie ( ,1940 , Rutledge (1948) , Payne (1955) , Cady and others (1955) , Coonrad (1957) , and Hoare and Coonrad (1959) . Bedrock exposures in the Bethel area lie south and east of the city in the Kuskokwim and Kilbuck Mountains. The mountains run in a north-northeasterly direction approximately 65 km southeast of the city. The bedrock exposures consist mainly of volcanic and sedimentary rocks (Hoare and Coonrad, 1959) . Little data are available on the depth to bedrock in the Bethel area. A Pan American Petroleum Company well, drilled approximately 26 km west of Bethel, reported permafrost to 107 m, a fresh-water zone from 107 to 143 m, and bedrock starting at 143 m below the land surface; however, two Department of Energy test wells drilled in 1980 in Bethel penetrated only unconsolidated deposits to depths of approximately 230 m below the land surface (appendix 1).
Surficial Geology and Soils
Bethel is on the alluvial plain of the Kuskokwim River. Major surficial deposits surrounding Bethel are Quaternary-age alluvium consisting of mud, silt, sand, gravel, and boulders, intermixed with wood, peat, and other organic material (Hoare and Coonrad, 1959) . The alluvial plain is bounded on the west by a terrace escarpment of older silt and sandy silt Yukon-Kuskokwim delta deposits.
Waller (1957) describes the lithology from well 1 ( fig. 1) , a 119-m-deep well drilled in the flood plain near Bethel. A generalized lithologic log of this well ( fig. 2) shows that the soil was frozen to a depth of about 115 m. A thawed coarse-gravel aquifer yielded water between 116m and the bottom of the well at 119 m. A generalized lithologic log from well 2 ( fig. 2) , a 202-m-deep well drilled in the delta deposits near Bethel ( fig. 1) , indicates permafrost to a depth of about 184 m below land surface. A silty sand and pebble aquifer underlies the permafrost (Feulner and Schupp, 1964) .
The soils of the Bethel area are similar to those found along Alaska's western coastal plain and deltas (Rieger and others, 1979) . The upland area east of Bethel is mantled with wind-blown silt; however, exposures of stratified sand and alluvial silt sediments deposited by the Yukon and Kuskokwim Rivers are present. The silty soils are susceptible to frost and are generally saturated over shallow permafrost at depths ranging from 12 to 75 cm below land surface (Rieger and others, 1979; Hinton and Girdner, 1966 Six principal soil series have been identified and mapped in the Bethel area (Hinton and Girdner, 1966) . Soil identified as the Kuskokwim-Kwethluk complex makes up about 37 percent of the mapped area. This soil is found in small areas on low knolls, on convex slopes bordering drainages, and adjacent to drained thaw lakes. Kuskokwim silt loam accounts for 36 percent of the mapped area. This soil consists of poorly drained silty soils having shallow permafrost tables and is primarily found on the wet tundra. Susitna fine loam accounts for about 12 percent of the mapped area. This well-drained soil is found on alluvial plains bordering the Kuskokwim River. The three other soil groups Napaishak, Tuluksak, and Tupuknuk occupy only 14 percent of the mapped area and primarily occur along the shores of small lakes and streams (Hinton and Girdner, 1966) .
The Bethel area is near the southern border of the continuous permafrost zone (Ferrians, 1965) . The city and most of the area west of the Kuskokwim River appear to be underlain with permafrost; however, the area east of the river and isolated areas to the west appear to be free of permafrost to a depth of 60 m (Waller, 1957) . In isolated areas west of the river, thawed zones exist where there is or was an overlying body of surface water. These thawed zones may have been created by a tributary of the Kuskokwim River within comparatively recent times (Feulner and Schupp, 1964) (fig. 3 ). 
MILE
HYDROLOGY
Surface Water
The Kuskokwim River is the principal fresh-water body near Bethel and flows from northeast to southwest along the southern edge of the city. The river stage is influenced by diurnal tidal backwater effects. Corresponding with the normal flood and ebb flow, velocities in the river range from 0.25 to 0.67 m/s (Lanning, 1987) . Despite tidal influences, saltwater does not infiltrate into areas near Bethel. Surrounding the city in all directions are numerous small lakes, ponds, and marshes that are characteristic of the Yukon-Kuskokwim Coastal Lowlands.
Daily flow of the Kuskokwim River near Bethel has not been measured; however, from 1951 to 1993, data were collected at an upstream location: Kuskokwim River at Crooked Creek (USGS gaging-station No. 15530400). This gaging-station is approximately 225 km northeast of Bethel and has a drainage area of about 50,000 km2 (U.S. Geological Survey, 1994). Mean monthly flow data for the Kuskokwim River at Crooked Creek are given in table 2. The mean monthly flow of the river changes significantly from summer to winter. Peak flows during spring breakup in May and June average about 2,300 m/s. Fall rains in August and September also cause an increase in discharge from the summer low in July. Flow in the river drops rapidly after freeze-up to a winter low of about 300 m3/s in March (U.S. Geological Survey, 1994). The mean monthly flow of the Kuskokwim River near Bethel has been estimated from the record at Crooked Creek. During the open-water months from May to September, the estimated mean flow of the Kuskokwim River near Bethel is about 1,700 m/s and during winter months, from November to March, mean flow is about 425 m/s (U.S. Army Corps of Engineers, 1982) . The Kuskokwim River drains an area of about 111 ,000 km2 upstream from the city of Bethel (U.S. Army Corps of Engineers, 1968) . The Kuskokwim River typically freezes in late October or early November and breaks up in May. Although the river is important to residents of Bethel, it has also caused damage to the community by flooding and erosion of the riverbanks.
Browns Creek, a small tributary stream draining the area north and west of Bethel, flows from northeast to southwest between the city and the airport ( fig. 1 ). This stream drains an area of about 27 km2 upstream from USGS gaging-station No. 15204298, Browns Creek at Bethel, where peak flow discharges have been collected from 1985 to 1993. The peak discharge for this period was 9.9 m3/s on May 7, 1985. In the 1993 water year, rainfall runoff on September 10 caused a maximum discharge of 6.4 m3/s, and snowmelt runoff on April 22 caused a discharge of about 3.6 m3/s (U.S. Geological Survey, 1994 Geological Survey, 1994) . The greatest mean flows on Brown's Creek are observed during spring breakup when water is abundant from snowmelt. Little rainfall occurs during June and July when summer low flows are often less than 0.08 m3/s. Rainstorms in late August and early September are the source of increased flow during the fall, and the creek is believed to freeze completely during winter months. Discharge measurements were not obtained from November to March. Numerous sloughs and small lakes in meander scars near Bethel ( fig. 1 ) indicate that the Kuskokwim River has changed its course over time. Hangar Lake, approximately 1 km in size, is about 3 km east of Bethel and is used for a seaplane anchorage. H-Marker Lake, approximately 0.5 km2 in size, is about 2 km west of Bethel immediately north of the airport.
A gradual topographical gradient of approximately 10 m/km is present between the Bethel Airport and the city of Bethel ( fig. 3 ). The northeasterly slope generally causes runoff to flow towards tributaries that drain to the Kuskokwim River. Little data are available to determine the degree to which runoff is infiltrating the aquifer, but the quantity of surface water in the immediate area and the presence of extensive permafrost indicate that infiltration is minimal.
Floods
Bethel is flooded to some extent annually and is considered to have a high flood hazard (U.S. Army Corps of Engineers, 1982 and 1993a) . Although flooding during spring breakup is caused primarily by ice jams, late summer and early fall rains can also be a source of flooding (U.S. Army Corps of Engineers, 1987) . Autumn rain falling on saturated soils and areas where permafrost exists, runs off rapidly causing a subsequent rapid rise in the river (U.S. Army Corps of Engineers, 1987).
Ice-jam flooding is the predominant type of flooding in the Bethel area. This type of flooding occurs during spring breakup, when ice begins to move in the river. As the ice breaks up, it flows downstream until its movement is blocked. The blockage restricts water flow which produces a rise in water level or "backwater" effect upstream from the ice jam. When the ice jam releases, a flood wave propagates downstream and large ice volumes are mobilized (Beltaos, 1990 ).
On the Kuskokwim River downstream from Bethel, tight meander bends and islands create narrow channels that work together to produce frequent ice-jam formations and subsequent backwater floods in the city. In addition, the Kuskokwim River near Bethel flows through low-gradient topography with little velocity to clear ice jams (Larry Rundquist, National Weather Service River Forecast Center, oral commun., 1994)
Backwater effects from ice-jam floods are responsible for most of the reported damage to personal property and buildings in Bethel (Federal Emergency Management Agency, 1984) . Ice-jam floods may cause several times more damage than open-water floods because of the large ice volumes transported (Beltaos, 1990) . The flood records and subsequent flood heights (table 4) are from the U.S. Army Corps of Engineers (1982) with reference to mean lower low water datum of the Kuskokwim River. Floods on small drainages in the Bethel area are similar to those occurring on the Kuskokwim River. Peak flooding on smaller streams usually occurs during spring breakup in April or May; however, a peak caused by rainstorms in the fall can be comparable. On Browns Creek near Bethel, eight out of nine annual peaks occurred during spring breakup U.S. Geological Survey, 1994).
Low-relief terrain, frozen ground, and poor drainage exacerbate small flooding problems in the Bethel area. Snow and ice clog stream channels in the spring, causing water to flow in overbank areas. In addition, frozen culverts at road crossings force meltwater to collect up slope, thereby making roads susceptible to flooding and erosion.
The FAA facilities near the airport are not affected by flooding on the Kuskokwim River because they are at an elevation higher than the 100-year flood (U.S. Army Corps of Engineers, 1970) . However, the facilities may be affected by potential flooding in small unnamed streams that drain the airport area during heavy rainfall or snowmelt runoff periods. Not enough detail on the local topography is available to quantify this flood potential at specific FAA facilities.
Flood Protection Measures
No specific flood protection measures have been constructed in the Bethel area; however, emergency sandbagging and evacuations have been undertaken during times of flooding (U.S. Army Corps of Engineers, 1968) . The National Weather Service (NWS) and the Alaska Division of Emergency Services (ADES) have set up a warning system to keep residents along the Kuskokwim River informed of potential flooding (U.S. Army Corps of Engineers, 1987) . Officials from the NWS, U.S. Army Corps of Engineers, and the ADES are in the field each spring monitoring breakup and reporting ice conditions that might endanger the population. The ADES coordinates emergency flood protection and evacuation measures carried out by various Federal, State, and local agencies (U.S. Army Corps of Engineers, 1987).
Erosion
Erosion in Bethel has been a problem since the community was settled. Initially the waterfront in Bethel was separated from the main channel of the Kuskokwim River by a series of small islands. By 1939, the river had eroded the protective islands and had begun migrating towards the city (U.S. Army Corps of Engineers, 1993b). Two types of erosion occur along the river: during spring breakup localized high velocity water influences the shape of the riverbed and the location of the main channel, and during summer months warm-water eddies thaw the permanently frozen riverbanks, making them susceptible to sloughing (Lanning, 1987) .
Factors that may exacerbate erosion problems along the Kuskokwim River at Bethel include a steep riverbank that is composed of easily erodible material, a riverbank that has a southeast aspect which results in direct sun causing the melting of permafrost, and heavy foot traffic that destroys protective vegetation. These factors, combined with wave action from prevailing winds and wakes from boat traffic, create an unstable riverbank. The result is 5 m or more of bank erosion during the last 50 years (U.S. Army Corps of Engineers, 1982; Lanning, 1987) .
Since 1966, the city of Bethel and the U.S. Army Corps of Engineers have been working together to find solutions to the erosion problem. Potential solutions, such as erecting a timber bulkhead and driving steel pilings 10-15 m below the ground, have been tried. The first official erosion control structure was a 914-m-long timber bulkhead that was built in 1965-66. By 1971, this structure had been undermined by scour and became ineffective. Following the failure of this bulkhead, the local community began to place junked cars and other large objects along the waterfront. Although this was moderately successful in controlling erosion, the Alaska Department of Environmental Conservation prohibited any further placement of additional cars because of contamination concerns. In 1982 and 1984, the city used State funding to erect sheet pile walls in hopes of alleviating the situation. These actions have helped, but have not solved the erosion problem. Further studies and planning continue (U.S. Army Corps of Engineers, 1993b; Lanning, 1987) .
Ground Water
Ground water is abundant in the Bethel area and is present as a confined aquifer in the deep subpermafrost silt, sand, and pebble deposits west of the Kuskokwim River, and in permafrost-free areas along the east side of the river. Little relief is present near Bethel, and adequate data are not available to define flow directions or depths of ground water. On a regional scale, howeyer, the subpermafrost ground water is probably flowing towards the southwest, matching the flow direction of the Kuskokwim River (Waller, 1957) . The shallow ground water above permafrost probably flows in the direction of topographic gradients to local surface-water drainages such as Browns Creek.
Waller (1957) reports that well 1 ( fig. 1 ) was drilled to a depth of about 119m and reached water that rose in the well to a depth of 2.74 m below the land surface. The uncased well was pumped at a rate of 1.3 L/s which resulted in a 7.62 m drawdown. The water level recovered completely within 41 minutes. The well was then cased and a static water level was maintained between 2.74 and 3.0 m below land surface. After 6 hours of pumping at a rate of 0.3 L/s, drawdown in this well was 5.8 m. After this pumping, the water again returned to a level maintained between 2.74 and 3.0 m below land surface.
Two test wells drilled east of the city indicated the existence of an isolated thawed area within the permafrost, called a "talik," which contains ground water (Waller, 1957) . However, because of the presence of extremely fine-grained sediment, development of this supra-permafrost aquifer would not be practical (Waller, 1957) . Shallow zones of unfrozen ground were also found east of the city near Hangar Lake ( fig. 1 ). These unfrozen zones appear to be ubiquitous throughout the region and are probably the result of local thawing under the numerous lakes and ponds in the area. Taliks may also represent thawing under a former position of the Kuskokwim River (Waller, 1957; Williams, 1970) . In the event of a surface release of contaminating materials, permafrost, acting as an impermeable layer, would inhibit flow of these materials to the underlying aquifer.
Ground Water and Surface Water Interaction
Typically, discharges of local rivers fluctuate from a snowmelt maximum in late May or early June to a pre-breakup minimum in late March or April. In addition, several rainfall-induced peaks may be observed in late summer. This seasonal fluctuation of discharge from local streams is illustrated by the hydrograph for the Kuskokwim River at Crooked Creek ( fig. 4 ). When permafrost does not confine flow to a narrow zone or strip adjacent to the river, shallow ground water flows into and out of the riverbanks as the elevation of the river rises and falls. These "bank storage effects" fluctuate with river stages, and decrease with distance from the river (Linsley and others, 1982) (fig. 5 ). The extent of ground-water/surface-water interaction at Bethel has not been documented, but frozen banks were likely to significantly reduce bank storage.
DRINKING WATER Present Drinking Water Supplies
The main source of drinking water in the Bethel area is ground water, located predominately under the permafrost at depths greater than 114 m (Waller, 1957; Williams, 1970) . Public drinking water in Bethel comes from two wells: one has a capacity of approximately 28 L/s and the other approximately 4 L/s. Bethel has a public utility that provides approximately 4,750 residents with drinking water (Harry Parsi, Bethel Public Works, written commun., 1994) . The public utility water is filtered for sediment, treated with chlorine, and stored in two storage tanks with a combined capacity of approximately 379,000 L. The water is distributed by truck to about 2,290 people and by piping through an above-ground system to another 2,460 people. The remaining people in the Bethel area do not receive water services from the public utility. Long-range plans are being formulated to serve the entire city with the above-ground drinking-water distribution utility (Harry Parsi, Bethel Public Works, oral commun., 1994) .
Four wells have been reportedly owned by the FAA in Bethel (appendix 2). Well SB00807213ACBB1 002 is the only well that currently supplies water to the FAA facilities. The others have been abandoned or use by the FAA has been discontinued (Ecology and Environment, 1992) .
The estimated average residential water consumption rate for Bethel's piped system users is 10 times greater than that for hauled system users. The approximately 736 residences and businesses using truck-hauled water consume an estimated 50,400 L/d of water, while the approxi- (Solley and Pierce, 1993) .
Quality of the Water Supply
The aquifer on the west side of the Kuskokwim River lies Lelow permafrost. Waller (1957) found that this water typically has iron concentrations higher than the U.S. Environmental Protection Agency (USEPA, 1992) secondary maximum contaminant level of 0.30 mg/L. Water-quality analyses of samples from one well at the airport and two wells about 2 km west of the airport (Feulner and Schupp, 1964 ) also indicated iron concentrations above the USEPA secondary maximum contaminant level. These samples contained dissolved iron contents of less than 0.87 mg/L, a silica content ranging from 9.8 to 34 mg/L, and a hardness as CaCC>3 ranging from 98 to 118 mg/L. Silica and hardness may create scale in plumbing or boilers but is generally of little concern to most users.
Water samples were collected by the USGS in 1959 from two wells at the airport owned by the FA A. Analyses of the water samples indicated that major inorganic constituents were at concentrations acceptable for drinking water. A 132-m-deep well produced water having an iron content of 0.130 mg/L, and a silica content of 34 mg/L. A 128-m-deep well produced water that had an iron content of 3.2 mg/L. Although the iron content is higher than the 0.30 mg/L secondary maximum contaminant level guidelines set by the USEPA (1992) for drinking water, it does not prohibit this water from being utilized for drinking. The USGS Ground-Water Site Inventory contains information on approximately 35 wells located within 40 km of Bethel (appendix 2).
Water-quality analyses of samples obtained' each month from a well at the FAA facilities indicate that the water is of acceptable quality for a drinking-water supply (Harry Gilmore, Federal Aviation Administration, written commun., 1994). Analyses made from May 1990 through July 1992 for volatile and semi-volatile organic carbons, radio-chemicals, and some metals are shown in appendix 3.
Alternative Drinking-Water Sources
Alternative drinking-water sources for Bethel may include local lakes, streams, the Kuskokwim River, and undiscovered aquifers. Many of the local lakes may be too small to supply the city with adequate drinking water. Shallow lakes may freeze completely in the winter or to such depths that dissolved salts are concentrated in the unfrozen water. Hangar Lake, H-Marker Lake, and Arthur Dull Lake ( fig. 1 ) may supplement the water supply, but the quantity and quality are unknown.
The flow from Browns Creek near Bethel, measured at USGS gaging-station No. 15304293, ( fig. 1) is controlled directly by the amount of runoff present. During winter and dry periods in the summer, flow may be inadequate (table 3) to supply the estimated water use for Bethel. However, when runoff is abundant from snowmelt or rainfall, this source may be used to augment the drinking water supply. Browns Creek is vulnerable to contamination by human activities in the Bethel area.
The Kuskokwim River represents an abundant source of drinking water for Bethel. During months of low discharge in the winter, mean flow of the Kuskokwim River at Bethel is approximately 425 m3/s and is more than 60,000 times the quantity of estimated water use at Bethel.
Exploratory drilling for aquifers deeper than the presently used aquifer has not been conducted. Permafrost is found at depths between 107 and 134 m below land surface (appendix 1). Almost all of the Bethel's residents utilize the confined subpermafrost aquifer for drinking water. Contamination of the present drinking-water supply would likely require the development of a surface-water collection and treatment system.
Quality of the Alternative Sources
The quality of the Kuskokwim River water was monitored at a stream-gaging station in Bethel (No. 15304300) ( fig. 1) 
SUMMARY
Bethel's remote location makes it dependent on the airport and the river for transportation. The subsistence lifestyle of the Native residents makes them dependent on a sustainable environment. Flooding caused by ice jams and runoff are a hazard for Bethel residents. Most residents currently obtain drinking water from a single subpermafrost aquifer. If this aquifer becomes contaminated, the potential for developing new wells in undiscovered aquifers is unknown. The Kuskokwim River, Browns Creek, and local lakes may represent alternative drinking-water sources; however, the quality and quantity of these water resources have not been adequately documented. 
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